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ABSTRACT

‘J’hc Micm-l%ccision  ~ontrol/Stmchn’c  lntcraclion  ((X1) program at J1’I. is charlcrcd  to develop the struc[urcs  and control
technology nccdcd  for sub-micron lCVC1 slabili~alioa  of fulurc  optical space sys(cms. ‘J’hc  cxtrcmc  dimensional stability
required for such syslcms  derives from the need to maintaiu  the alignment and figure of critical optical clcmcnts to a small
fraction  (typically 1/20th 101 /501h) of the wavclcnglh of dckxlcd radiation (about 0.5 micron for visible light,  0.1 micron
for ultra-vio]ct  light). This MSO rcquircmcnl  is common to a broad class of optical systcJns  inch]ding filled apcrlurc
tclcscopcs  (with monolithic or segmented primary mirrors), sparse apcriurc tclcscopcs,  and optical intcrfcromc(crs.  The
challcngc  for ~Sl arises when such sys(cms  bccomc  large, with spatially distributed optical clcmcnts  mounted on
Iightwcight, Jlcxiblc  slruclurc. ‘1’his  paper will prcscn(  an cwcrvicw  of the approach lhal is being Iakcn by J1>I ;S ~SI
program to address this challcngc.  In particular the paper will discuss tlIc application of (Xl technology to a specific
example of a future large optical space mission, lixpcrimcntal  dcmonstra[ion  of the lcchno]ogy  on ground-based lcs[bcds
will also bc prcscntcd.

1. IN1’NO1lLJ~l’ION

A number of potential future NASA missions fall into (1)c class of Iargc optical sys[cJns  addressed by ]nicro-precision CX]
technology. Orbiting Stellar lntcrfcromclcr  (0S1), Next Gcncralion  Spac~ ‘J”clcscopc (NGS’J”),  hnaging  lntcrfcromctcr  (11),
l%ccision  Optical  ln[crfcromctcr  in Space (l)OIN1’S),  Astromctric  Imaging l’clcscopc  (AI’I’), Submillimc[cr  Intc.rmcdiatc
Mission (SMIM), Space lnfrarcd ‘1’clcscopc  l~acility (SIKJ”lJ), and several p~oposcd  lunar-bawd observatories arc examples,
‘1’hc  JPI. (Xl program has chosen a large optical intcrfcromckr, similar to 0S1, as rcprcscntalivc  of this  mission class. An
oJ~[ical  intcrfcromc[cr  utilizics a number of distinct lclcscopcs,  each of modcs[  apcrlurc, whose outpuL$ arc combined in such
a way as to produce an cffcclivc apcrhwc equivalent to the largest baseline dislancc bctwccn tclcscopcs.  Such an instrmncnt
can bc used for high resolution imaging as WCI1 as cxtrcmc.ly prccisc  astromctry  (positional mapping of the stars).
(:onsidcrablc cfforl  has been dcvolcd  to developing the design of a particular oplical intcrfcromctcr  configuration to serve as
an analylic  tcstbcd on which to cxJiorc  (Xl methods. ‘Jhis ficlilious,  but rcprcscnlativc,  optical systcm  has been termed the
1 ~ocus Mission ln[crfcromctcr  (J:MI). ‘J’hc principal challcngc  prcscntcd to ~SI by such an instrument is the need to
maintain positional tolerances between optical CIC.JhCJ)LS  to the order of a nanometer and to do so over a smc(urc  that may
span tens of meters. OpeJ~  loop response of such a systcm  to the expected SpCChJJII  of on-board dis[urbanccs  can result in
thousands of nanometers of motion  in the optical clcJncnts.

‘J’hc kcy [o meeting this challcngc  is the ~S1 multi-]aycr  architecture, an approach to the vibralion at[cnua[ion problcm that
COlllbil]CS  three ]aycrs  of control: structural quic(ing, vibration isolation, and active op[ics compensation. Rcfcrcncc 1
dclails  a preliminary (XI design for the I;Ml. lucorporating two layers of the multi-layer architccturc,  passive struclura]
dalllJ)il)g  and relatively low bandwidth optical clcmcnt articulation, the effect of on-board disturbances on the optical
performance mc[ric was shown to bc reduced by more than an order of magoit udc. ‘l’his is, however, far short of the three to
four orders of magnit udc w.xcssary to guarantee proper intcrfcrol  octcr pcrformancc, ‘1’hc present paper rcpom  on the progress
that has been made, via the application of more advanced ~SI Jnc(hods  and COIJ~pOtICiiM,  toward achieving the ambitious
vibration attenuation rcquircmcnts. hnprovcmcnts  have been lnadC in CMCh of the three layers of the (Xl multi-]aycr
architc.cmrc.  lsolat  ion of the primary on-board diStUJ’ballCC source (i .c., 1 IubbIc Space ‘1’clcscopc class rcaclion  wheels) is
considcrcd,  as is the cffccl  of extending the bandwidth of tllc optical control loops. The passive dampers have been
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augmented by the introduction of active structural control via the replacement of certain structural nlcmhcrs  with acLive
picmelectric  nlCmbCf&2  ‘lhese  active members have ernbcddd  force and displacement sensors, and may be used no( only for
the. reducLion of structtmd  vibration but also for compensation of structural distortion caused by fjnlc varyjng thermal loads.

lo addition to detailing the analytically demonstrated effectiveness of the cSI rnu]ti-]aycr architCc&urc  in treating the
chalhmgcs  presented by the I<Ml,  the paper also reporw on current and future cxpcrimcntal  efforw on ground  testbeds aimed
at vcnf ying  this performance. The.sc tcstbeds  are useful in dcmrmstraling  not only CX] component hardware but also the
software tools that have been used in systcm design and analysis, Finally, the paper discusses two proposed flight
experiments whose prrrpo.se  it is to demonstrate that CXI technology is space mission ready.

2. TITK FOCUS MISSION INTFHUI’KROMICTILR  (FM])

}Wure spaccbascd  pr~ision  optical systenls  can be divided into two broad categories: intcrfcromctcrs,  where spatially
distributed “small” collecting apertures are combined to synthesize the performance of a single larger apcrtur~ and filled
aperture syslcms,  which arc cssentiall  y conventional telescopes that may incorporate segrncntcd  primary mirrors duc to the
difficulty (and inherent weight) of fabricating large monolithic mirrors. J,PI. has selected a representative optical
intcrfcromctcr  (Figure 1 ) as the target application on which to focus its C%] technology development efforts - hence the
name I@cus Mission lntcrfcrornctcr  (FM).  One of the principal reasons for selecting an optical interferometer is the
stressing nature of the vibrat  ioml  stability requirements that such a system demands. It is important, however, to point out
that a spectrum of other precision systems (e.g., 110S instruments, SSIJ microgravity  payloads, SIRT}:,  SOFIA, SMIM,
lunar observatories, ctc) will also bcnctit  from the development of Micro-Precision HI technology. Tfrc 14?vf1 is a concrete
example that allows for trade offs amongst competing (31 component technologies and for quantification of the benefits that
result from the application of (Xl.

ATI optical intcrfcromctcr  can be used for high resolution imaging as well as extremely pmzisc t!StfOmCWY  (a.WOmCUY is the
mapping of stellar positions in the sky). When used for imaging, the IiMI’s effective baseline of 24 meters would give it
roughly 10 times the resolving power of tic IIubble  Space l’elcscopc.  Ibis translates into a resolution of 5 miliarcscconds.
311c basic layoul  of the FM] was inspired by the work of Mike Shao
currcnt]y has in operation, on Mount Wilson  in Sorrthcm California, a
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of JPI.’s  Observational Systems IJivision.
ground bawd version of the I: MI.

Dr. Shao

ligurc 1. I;ocus Mission lnterfcrome(er  Ckmfiguration. F’igure 2. The Orbiting Stellar lntdcrometer (0S1 ),

‘ihc optical performance of the FMI relative to its 2.S nanometer differential pathlcngth  stabilization requirement has been
analy?.cd in some detail with the concision that vibration atknuatkm  factors of between 1,000 and 10,000 arc
necessary to meet the requirement with margin. This is one of the principal challenges that CSI technology must address.
Vibra[ion attenuation alone is not sufficient, however. The need to opcmtc  well under a micron in absolute stability
rcprcscnts  a significant challenge in its own right. In addition to exposing the severity of the performance requirements,
analysis of the FM] poink?d up major deficiencies in the existing capability to design  and model (in an end-to-end fashion)
complex opt ic.s/structure/control  systems subjected to mechanical and thcmlal  disturbances. This challenge must be met in



order to make it practical to conduct quantitative design trades early in the design process and to enable simulation of system
performance prior to fabrication and Est. The final challenge is to demonstrate, to those entrusted with making  NASA
mission decisions, that CXl hardware, software, and methodologies arc mature and ready for application to ftighl  systems.
The rclnaindcr  of this paper is organized around illustrating, in turn, how (31 is addressing each of the major challenges
posed above.

It is in~portanf to note that since the 24-meter hasclinc  l:MI was conceived in 1989, the era of “faster, bet[cr, ch~pcr” has
ovcrLakcn NASA’s plans for very ambitious future astrophysics missions. Current intcrfcromctcr  mission studies arc
focusscd on 0S1, a 7-n~ctcr hasclinc  system (Figure 2), and POINTS, a 2-n~cter  baseline systcm (IJigurc 3). Although
neither of these systems is as stressing as the 14NII in terms of vibration atlenualion,  they still demand disturbance rejection
of the order of 100:1. Ihus, study of the PM1 remains relevant as it instructs the vibration attenuation trade offs that will
also be faced by smaller instruments.

3. MFXTING TII1; VIIIRATION  ATTENUATION CHAI.I.ENGE OP THE I’M]

The first challenge for an E’M1 class optical systems is pro~ding thrm to four orders of magnitude vibration attenuation, To
meet this challenge, C31 has adopted an approach that entails a multi-layer architecture, witi”  each layer responsible for
providing between one and two orders of magnitude attenuation. Clmeutly  three layers - vibration isolation, activelpmsive
structural quieting, and optical element compensation - arc considcted  sufficient to meet the performance requirements of
systcrns like the FM]. The idea is to intercept disturbance energy at tic source (via vibration isolation), along the
transmission path (via structural quieting), and at tic destination (via high bandwidth optical compensation). Each layer will
have a, spczific  realization tailored to the system under consideration. 1’or the Mvfl,  the structural quieting layer is comprised
of 25 aclive members who.sc locations and elcctro-mechanical impcdanczs  have been optimized to dissipate kinetic energy
from the truss structure. The vibration isolalion  layer i!! similar to that implemented on the Hubb]e SpaccTelcscopc  (IIST)
reaction wheels (RW’s). Improved performance, over that of} Iubblc, is achieved by augmenting the 11ST’S passive system
with active control using  voice coil actuators. l’hc optical compensation layer consists of both tip/tilt control on sidcrostats
and fast steering mirrors as well m tmnslation  control stages to con-cd  and statilize  optical pathlength  through the system,
An overall closed loop bandwidth of 250 }Iz has been simulated for the pathlength control loop, with a PZT providing the
vernier high bandwidth actuation. For the vibration analysis, the disturbance source used was the imbalance force from 4
11ST RW’_s spinning from O to 3000 RPM (i.e., SO 117).  -
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Figure 4. Optical Pathkngth Control Performance on the I’bcws

l;igurc 3. Precision Optical lnterfemneter  in Space (POIN1’S). Mission lrnerferomcter  (Mclcrs  vs. Reaclion Wheel Spwd in } 17.).

I’igure 4 shows pathlcngth  error for the I’M]*s outermost interferometer as a function of RW spczd. Notice that, without
control, the response exctzds the 2.5 nm mqtrirerncnt  at virtuall  y every RW speed, and in scverd speed rangcx excccds  1,000
nm. in an RMS sense, the uncontrolled pathlcngth  rcsfxmsc  is greater than 700 nrn across all wheel speeds. As layers of
control arc added - structural quieting, vibration isolation, and pathlcnf!h  control, in turn - RMS vibration attenuation
factors of 5, 20, and 7 arc achieved, respectively. l?w resultant 3-layer RMS attenuation factor of 700 means an RMS
pathlcngth  stability of Jusf over 1 nm. In a 3-signw sense, a worst ca.sc pathlcngth  error of 10,000 nm is reduced by a factor
of I ,Ooo to 10 nm.



Clearly, in the world of computer simulation, the CSI multi-layer architecture appears to be capable of meeting the three to
four orders of magnitude vibration attenuation rcquirenient.  The next question is whether this conclusion holds up on actuaJ
physical systems under laboratory conditions.

4. EXPItRlhlIINTA1. I)ILMONS’J’RATION  OF THIC MLJ1.TI-1.AYILR  ARCXIITECTURIC

To cxpcrimcntally  demonstrate that the CSI multi-layer architecture can meet this challcngc,  and prove that the successive
layers are not unstably interactive, JPI. has built a dedicated test facility called the (31 Phase B Multi-l,ayer  Testbed.3*4
l’hc Phase It Tcshcxl  has hem built to resemble a portion of an interferometer telescope, including a lrrscr star simulator, a
metering truss structure, an optical pathlength  delay line, and the associatcx! instrumentation and real time control computers.
1( has proven to be an excellent setting in which to investigate the blending of the three layers of the multi-layer
architecture: structural quieting, vibration isolation, and optical compcnsat ion. Figure S depicts the ‘testbcd and points out
each layer of control. The disturbance is mounted on a single axis vibration isolation stage. The disturbance
transmissibility (i.e., transfer function) from this source to optical pathlcngth  stahllity  (as measured by a fringe dcteclor
monitoring the laser “star simulator” signal) represents the figure of merit for experiments conducted on the testbed.

I:igurc 5. JP1. CS1 Phase B Multi-Layer Itxtbc.d.
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Figure 6. Structural Quietinp l~lerncnts
in Phase B Imss Structure.

4.1. T h e  CSI S t r u c t u r a l  Q u i e t i n g  L a y e r

1.ightt  y damped resonances it) structures amplify the effects of disturbances and result in much greater levels of vibration and
jil[cr.  Structural vibration in turn causes misalignment in” the optical train. Precision structures generally manifest low
]cvels of damping bccausc energy dissipating mechanisms such as friction are eliminated duc to the prccisc tolerances of the
joints and connections.

‘Nc CSI structural quieting layer is specifically designed to reduce the level of vibration in the structure. This is
accomplished through a combination of passive damping and active control using active structural members. Passive
dampers have the advantages of simplicity of design ahd of requiring no power for Ofwration.  Four IIoncywell  1HNrut5
passive dampers are installed in the Ph&sc  lit Testbed (Figure 6). Active structural members,c’ * * which utilize an embedded
Picmckctric  or clcctrostrictivc  actuator, have the advrmtagc of being tunable for optimal  Pcrformanm  even after the structure
has been as.scmbld  and/or deployed. lhe active dial-a-strut control circuit cannot only be tuned to emulate passive dampers,
hut can also be designed to achieve a more exact impedance match to the structure, providing damping performance tailored
to frequency 12 Flxrr  JPI. designed active  members arc instrdlcd  in the tcstbcd  @igure 6). Ilte active and passive members
have been optimally located in the structure through the U.SC algorithms designed to minimize dishu+ance  transmissibility

from the disturbance source to the optical pathlength metric:
13,1 ~ ~~e pcrform~~  cif the structured quieting layer, in terms



of disturbance attcnualion,  is seen by comparing the two transfer funclions  dcpickd in Figure  7. All mocks  below 80 IIz,
exhibit damping excccding 5% of critical, compared to damping ratios belwcm  0.1 ~0 and 1.0% in the undamped structure.
la addition to providing reduced disturbance transmission through the struclure,  the structuml  quieting layer has a stabilizing
effect on the other layers of control, espcciall  y the high performance OptiCd compensation la ycr. This stabilizing  effect
leads direcdy to higher bandwidth optical control, which in turns results in at least a factor of 5 improved disturbance
rejection.

Recently the active member has taken a major step forward toward flight  qualified status. Ihc solid state actuator technology
al lhe heart of the aclivc member was flown successfully in the Actuated Fold Mirror .(AFM)  as part of the } Iubblc Recovery
Mission.lS  ‘he  A14Wl  is an optical component in the new Wi& Field/Planetary (!amcra  (WF’/PC-2) which was successfully
installed in the 11S1’  by astronauts in December of 1993, ‘Ihe AII%4 uses elc.ctrostrictive  actuator technology, originally
dcvclopcd  by I.itton/ltek  Optical Systems for Department of Defense deformable mirror applications. Because
electrostrictive  actuator technology is relatively new, tic, IISI’ r~overy mission repre$en~ i~ first  $pa~ flight application,

‘Ihe research that supported the AHvI  for 1 iubblc  will cominuc  to advanw the readiness of precision active members that will
bc effective in precision alignment and structural quieting applications. The successful flight  of the AFM gives  tremendous
impetus for incorporation of CSI active member technology in near tcnn flight missions.

=
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F’igurc 7, IJisturbancc Atkmuation  IMe to the
Structural Quieting I.aycr.

Figure 8. Phase El Iestbed  Disturbance
isolation ~ixturc.

4.2. The CSI Disturbance Isolation layer

Vibration isolation is the first line of defense against the performance threatening effectfs of mechanical disturbances on-board
micro-precision systems. For applications where the most significant disturbance sources (e.g., reaction wheels, tape
recorders, ctc) can be housed together in a single “dir[y box,” the vibration isolation layer, in the (Xl multi-layer
architecture, is likely to provide the greatest perfonimce enhancement at the lowest cost. This is bcxause isolation can be
implemented by a single six axis device, whereas the other CSI layers (viz.., structural daniping  and optical compensation)
typical] y entail numerous hardware components distributed over the system. in such situations the vibration isolation layer,
if sufficiently effective, will significantly relax the requiremerms  on (if not elitninatc  the need for) one or both of the other
layers. ‘Ilus motivated, the Micro-Precision CS1 Program has recently placed increased emphaqis  on vibration isolation
technology.

A disturbance isolation fixture was designed, built, and implemented on the JPI. Phase B Testbed (Figure 8). ‘I’he
disturbance sourcz was a proof-mass shaker suspended on an acmrdtxm  type ftexum which in turn was rigid] y attached to the
truss  structure. The corner frequency of the soft mount was measured at 3117,  with natural damping on the order of 12% of
critical. An active stage consisting of a voice coil actuator and an I.VDT displacement sensor was added in parallel with the
sofl  mount. Active  control expcrin~cnLs using positive position feedback (PP19 were succcssfull  in reducing the corner
frequency of the isolator by a factor of 2 over the passive design. The experimental results (Figure 9) show the
improvement in optical performance when the isolator is turned on. A bkndband  RMS attenuation factor of greater than six
was achieved.
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I’icurc 9. I)isturbance Attenuation IXIC to the
L

Vibration lsolatkm 1.ayer. Figure 10. Soft Active Member (SAM) Isolation Strut.

16 7%c compacl,  single-Reccnt  in]provemcnts  in isolator design have enhanced this performance by another factor of five.
axis dcvicc  picmred  in Figure 10 has demonstrated 30 dIt of broadband vibr%tion  isolation (Figtrre  11). Plans call for
building a six-axis unit consisting of six single-axis devices configured as a “Scwart Platform.” In theory such a unit should
be eapablc  of fully isolating a micro-precision spacecraft from all translational and rotational disturbances. This theory will
be put to the test in a proposed NASA flight experiment: the Six Axis Smart Strut Isolation P:xpcrimcnt  (SASSIE).
SASSIE is about to enter Pha!!e  A development with launch aboard the space shuttle planned for 1997.
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l~ipure 11. SAM isolation Performance.
l;igure 12. I’he  Optical Compensation System

on the Phase B Itwbed.

4<,3. The (N C)ptical  Compensation Layer

The optical delay line experiment was designed to capture the interaction between structtmd flexibility and opticat  pathlcngth
as it would occur in a space-based optical interferometer such as the F%’II. 17,18 Varying levels  of cent.rol/strdcture

interaction can be emulated by reconfiguring the testbed optical train. The configuration shown in Figure  12 represents a
typical case for an interferometer, where the laser  beam bounces off mirrors located on opposite ends of the truss structure.
Vibrational motions of the mirrors in the path of the la.scr beam change the length of the optical path and this change is
measured interferometrically  by a fringe detmtor.  Control of the optical pathlength  is provided by a coarse motion voice coil
acluator and a fine motion picz.oelectric actuator.

With the testbcd  excited at the natural frequency of a major strucmral  mode, closed 100P ex~rimcntal  results indicate (Figure
13) that stellar pathlength  variations were reduced from 2.4 micrometm  RMS to approximately 5 nanometers RMS (the
tcstbcd noise floor). in addition, it was demons~ted  that if a white noiw distur~ncc excited tic s~cture  witi~  energY
tmifcrrmly  distributed over 1--100 k  the optical control layer  would  reject it by a factor of 139 RIMS (WC Figure 14).
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4 . 4 .  Multi-l,ayer J’erformance  on the P h a s e  It Testhed

The mulli-lr+ycr  experimental restrlts  arc given in terms of the disturbance transmission function from disturbance source to
optical pathlcngth.  The frequency response plot of Figure 15 summarizes the results and shows how each layer,
implemented successively, lowers the disturbance tmnsmission  function. Assuming that a band-limited white noise
disturbance. excites the structure with energy uniformly distributed over 1--100 IIr., the RMS attenuation factor achieved by
each layer in that frequency band is: (i) structural quieting: 6; (ii) disturbance isolation: 6; (iii) optical control: 139.

With all layers operating together, the multi-layer architecture enables a 5100:1 vibration reduction. 19 Clearly, the
bi~gcst  contributor to vibration attenuation performance is the optical control layer. Ilowever, the struchrral  quieting layer
was essential in enabling this level of optical compensation. Without the level  of damping introduced by structural
quieting, tbc optical control bandwidth would have been reduced by at least a factor of 3 (in order to preserve system
stability), resulting in a factor of 5 -10 poorer vibration attenuation. qhis recognition leads us to regard the optical
compensation and structural quieting layers as essentially equal contributors (factor of 30 each) to overall vibration
attcntuation  performance. Also of note is the achieved level of absolute optical pathlength  stability in the ambient
laboratory environment S nanometers RMS. The principal contributors to this residual level were fringe detector
resolution (- 2 run), noise in the control ekctroni@,  and laboratory acoustic and seismic excitation. Since the latter two
noise sources are not present in space, and the former two are readily dealt with by near term improvements in electronics
dc.sign,  the prcxni.se  of sub-nanometer stabilization of space optics appears quite feasible.

S. I N T E G R A T E D  MODILING  ANI)J)F231GN  1:001.S FOR CSI SYST1th!S

TIIC challenges facing Micro-Precision CS1 do not lie exclusively in the province of developing hardware for vibration
at kmuation in the sub-micron regirnc.  Work is also needed to advance the state-of-the-art for software tools for analysis and
design, Existing analysis tools provide only limited capability for evaluation of spaceborne optical system designs. They
dctenninc  optical performance from the geometry and material properties of the optical elements in the. system, assuming
on] y minor deviations from the nominal aligiuncnt  and figure. They cannot evaluate the impact on optical performance
from control] edkticulated  optics, structural dynamics, and thermal response, which are important cxmsiderations  for future
large  optics missions. TO investigate thew ~itical  relationships, a new optical system analysis tool has been developed

called the Controlled Optics Modelling  Package (COMP).20’21 lt is a computer program especially designed for nmdclling
the optical line-of-sight, surface-to-surface diffraction, and full wave front performance of optical systems that are subjected
to thermal and dynamic disturbances. CC)MP  can accommodm the most common optical elements: flat and conic .n~irrors
and lenses, rcfcrcnce  surfaces and focal planes, as WCII as some uncommon optics, such as segmented and, deformable
mirrors. N can be used for stand alone analysis of optical tolerances and optical performance, or to provide the optics part of
an integrated system model for error analysis and budgeting, or for system calibration and end-to-end simulation performance



analysis. Integration of COMP with emerging CSI analysis tools will make it possible to optimize the design of a
combined contfolMruclure/optics  system for maximum optical  psrformancc.  All of these capabilities make COMP an
important new analysis tool which enables mnprehensive investigations of complex optical system architectures such as
U!ose to be used for space and Lunar bawd telcsrmpcs  and interferometers. COMP has already seen application to the WI as
WC1l as to on-going NASA flight  projects including Ilubblc  Spa@ Telescope and SIKII;. JPI. is currently in the process of
embedding COh9P  in a more comprehensive integrattxt  analysis package called IMOS (Integrated Modeling of Advanced
Optical Systems).22 IMOS  will enable end-to-end modeling of complex optomcchanical  systems (including optics,
cmtrols,  structural  dynamics, and thcrrmd analysis) in a single  seat workstation computing environment, Version 1.0 of
COMP a$ WCII as an initial version of IMOS have been completed and rclea.sed,  along with comprehensive [Jser Guides.
lhey  are available through COSMIC.

TIC process of system design is one of synthcfis.  Analysis tools such as COMP and IMOS have value in this process in
that they arc able to quickly evaluate competing point designs. Ilowever, analysis tools in their own right do not enable
direct design synthesis. The key challenge in design synthesis is performing trade off studies pitting competing objectives
from differing subsystems against one another. ‘ho often such studies arc based solely on “engincming judgement” and are
wholly non-quantitative in their approach. The more complex the  syslem, the more likely this is to be the case. JPL has
rcccntly complctcd  work on an initial set of software algorithms (the Integrated I~sign Tool) that enables quantitative trade

23 Ilis design tool has been used to conduct a ea.% study on theoffs across the structural, optical, and contrcd  subsystems. .
JPL Phase B Testbed that explores the trade-off between ma!%s  and performance in precision optical systems. ‘fire result is a
farnily”of  tcstbcd designs that would simtrltaneously  provide improved optical performance and dccreawd mass. The current
software is also capable of optimi7~tions that include placement and tuning of damping elements, and the utilization of

op[-ical  performance metrics such as Strchl ratio and wavefrorr[  error. 2S’26 ‘lhis  &sigr~  optimization methodology promises
to enable the generation of highly efficien~,  light  weight, controlktnrcture desigm  required to support NASA’s future optical
sy~tcms.
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6. END-TO-END TESTING OF hlICRO-I’R1;CISION  CSI TECHNOLOGY

To demonstrate the solution to the .l’Ml-class  control challenge, CSI  technology evolution requires ground-bawd validation
at the subsystem level followed by a successful demonstration of end-to-end instrument operation, first on the ground and
then in space. Resulting technologies can then be applied to specific space-based interferomctric  missions or to other
precision missions which exhibit simitar  challenging requirements.

6.1. The Micro-I’recision Interferometer (MP1) Testbed

The Micro-Precision lnterferornctcr  (IMP]) Testbcd27-29 pichrred in Figure  16 provides a crucial link, bctwrxrr intcrfcrornetric

technologies developrxl  for ground systems and those reqrrircx,l  for spar% Its design draws upon extensive interferometer and
(Xl experience. ‘I?ie  Mount Wilson Mark 111 lrttcrferometcr  is an operational ground-bawd instrument capable of performing



30 Although overall perforrnrmcc  is limited by the atmosphere, this facility provides aaswometric measurements.
demonstration that pm.cision  alignment and control of its optical elements can be achicvcd  when the instrument is attached to

a non-flcxitdc  body such as the earth.  Results  from dIC JPI. CSI Phase B lestbcd, which includes a subset of the optical
clcmcnts  found on tile Mount Wilson Mark Ill interferometer, demonstrate that the required nanometer level sensing and
control requirements can be.achieved on a flexible structure using tie UN layered architecture.

‘Ihc Micro-Precision’ Interferometer lestbcd allows  for system integration of CSI technologies with key interferometer
subsystems on a llexiblc  structure. I%e MPI structure is a 7nl x 6.8n~ x 5.5m truss  weighing 200 kg (estimated to be 600
kf, in its final cmfiguration with optics and control systems attached). Built  primarily from aluminum components, it went
from clcrnental  form 10 final assembly in less than four months. Considerable effort was taken in the structure assembly
pmccss  to minimize alignment errors andproduce  a linear structure, Three linear extension springs attached to three different
points on the structure make up the structure’s suspension system, Ilris system provides about a factor of ten separation
bctwcxm the structure’s “rigid body” and flexible body modes (the lowest of which is at about 6 H7). At this writing the
M P] structure has been outl%tcd with a fully opcrationat  three tier delay line with associated  laser metrology and real time
control computer. Kinematicrdl  y mounted optical breadboards are installed. It is to these plates that the optical pointing
system components (fast steering mirrors, camera heads, fold mirrors, etc)  will be mounted later  this year, completing the
MPI’s  first ba.selinc.  The te!!tbcd also has mounting hardware configured to accommodate a six axis stcwart  platform tyfx
isolator, also slated for delivery later this year. As currently installed, the isolatbr  fixture, located in the bottom bay of the
hl[)l  tower, contains six rigid struts in place of the to-be-installed isolator struts.31

Using a “star simulator” la~er metrology system heated on a floated optical bench alongside the testbed,  the sensitivity y of
“stellar” optical pathlength  (from the ‘Mar,” down each arm of the interferometer, and through the delay line) to mechanical
excitation originating at the isolation fixture can be investigated. Iiigurc  17 shows the transfer function from a shaker
mounted on the isolation fixture to the stellar optical pathlength  with the delay  line control loops off. Note the testbcds
lightly  damped resonances (measured in previous modal surveys to have damping on the order of 0.1 %), indicative of an
cxtrwncl y linear structure. Note also that+ open loop, optical pathlcngth  error exceeds 1000 nanometers pet newlon across a
broad frequency range. By way of comparison, refer to Figure 18 for the analogous (analytically derived) transfer function for
the I;Ml. Notice the striking similarity between the IIMI and the MPI transfer functions. ‘I’his, of course, is no aczidcnt.
The MP1 was designed to be a half scale reproduction of a “one-armed” FM1.  If there is a surprise it is that the MPI,
although a considerably smaller structure, appears to be somewhat more sensitive to mechanical excitation than the 1<%41,
perhaps indicating that analytical models of such systems err on the side of optimism in predicting system performance.
~his, along with a host of other issues  involving hardware and software validation, will be investigated in great detail when
the MP1 Testbed attains full (single ba@inc)  opcratioml  status by the end of 1994.
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6.2. }/light Experiments

‘l”hc  MP1 Testbcd will go a long way toward establishing end-to-end micro-precision CSI technology readiness. However,
for a handful of key components, there is no substitute for tie space environment to unambiguously provide performance
verification. “Two bxrunplcs  are vibration isolation and active delay lines. For the former, testing in 1-g invariably leads to
the introduction of gIWhY  off-load mcchani.sms  which  cast doubt upon the validity of the results. Similarly for the latter,
gravity  plays a poorly understood role in prcloading  critical nwchfmical elements, rnrddng  extrapolation from ground bzwd to
spa,cc based performance extremely difficult. prudent risk reduction in these areas indicates that testing in space is called for.
IWthcrmore,  from a psychological point  of view, the excitement and impact  of a space experiment should not be
undcrcstimatcd.  “Flight proven” is a teml that inspires confidence in the minds of program managers.

Two flight  experiments timed at micro-precision systems technology am currcntl  y in the planning stages  under NASA’s IN-
SIIZP (ln Space Technology Experiment) Program. As mentioned above, SASSIE will explore on-orbit pcrfom~anm  of a
strut-based six-axis vibration isolation system. A more ambitious experiment, the Stellar Interferometer ‘hacking
Iixpcrimcnt  (SITE) will demonstrate end-to-end optical interferometer performance in the space shutllc’s  cargo bay. SIT1~
willl contain an optical delay line and will csstablish  the fwfonnancc  credentials of this component in zero gravity.

7. SUMMANY

This paper has presented a broad brush overview of the JP1. Micro-Precision CSI Program and the technology it is
developing to enable future optical class NASA space missions, l’hc program has been pursuing a plan that combines
hardware &.velopnwnt (components for sub-micron structural control, vibration isolation, and optical element articulation),
sofl.ware development (integrated analysis tools such as COMP and IMOS as well as the integrated Design Tool), and the
development of an overall system philosophy (viz., the CSI multi-layer architecture). To date, analytical results on the
Focus  Mission interferometer and experimental results on the Phase B Multi-1ayer Tes[bcd  demonstrate the promise of
micTo-precision CS1 technology. What remains is the dcmonwr-ation  of technology flight readiness via end-.toend testing on
the Micro-Precision Interferometer Testkd and on-orbi( demonstrations on SITE and SASSIE.  This should lead to
wholesak insertion of CS1 technology into NASA precision space systerm by early in the next decade.
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